Aim: To investigate the synergistic effects of SG235-TRAIL, a novel oncolytic adenovirus expressing tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and homoharringtonine (HHT) in human leukemia cell lines. Methods: The combined effect of SG235-TRAIL and HHT was assessed using a crystal violet assay and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, followed by combination index analysis. Cell apoptosis was measured using flow cytometry combined with fluorescein-isothiocyanate-Annexin V staining. The activation of caspase pathway and the expression of Bcl-2 family proteins, TRAIL, and E1A were examined using Western blotting. Results: HHT synergized the cytotoxicity of SG235-TRAIL against leukemia cell lines Kasumi-1, KG-1, HL-60, and U937, concomitantly with increased apoptosis and enhanced activity of caspase-3 and -9. The combination therapy resulted in significantly lower levels of Bcl-2, Mcl-1, and Bid compared to treatment of cells with either HHT or SG235-TRAIL alone, suggesting that HHT sensitizes leukemia cells to SG235-TRAIL virus through alteration of anti-apoptotic signaling elements. Importantly, HHT combined with SG235-TRAIL did not show significant cytotoxicity to normal human mononuclear cells and mesenchymal stem cells. Conclusion: Combining oncolytic adenovirus SG235-TRAIL and HHT synergistically enhances cytotoxicity in leukemia cells in vitro, suggesting that the combination therapy could represent a rational approach for the treatment of leukemia.
Introduction
Conditionally replicating adenovirus (CRAd) is a promising approach for the treatment of neoplastic diseases refractory to conventional therapies [1, 2] . Such viruses are modified to take advantage of tumor-specific alterations, allowing selective lytic replication within tumor cells. Genetic modifications made to CRAds include the use of tumor-specific promoters, such as AFP, TERT, and PSA, controlling the expression of genes involved in viral replication [3, 4] , and deletion of viral genes encoding proteins which help to complete the viral lytic cycle in tumor cells, but not in normal cells [5] . It is shown that the deletion of E1B-55 kDa, which inhibits p53 and prevents apoptosis, allows selective adenoviral replication in various tumor cells and leukemia cells [6, 7] . A 24-bp deletion of E1A gene prevents the binding of E1A to retinoblastoma (Rb), resulting in release of E2F and subsequent viral replication [8, 9] . Furthermore, modifications of viral fiber, such as Ad5/11 and Ad5/F35 chimeric fibers, help to transduce type 5 adenovirus utilizing the Coxsackie-adenovirus recptor (CAR) as the primary receptor for viral internalization into cancer cells with low CAR expression levels [10] [11] [12] . We have previously shown that a CRAd with E1B-55 kDa deletion and Ad5/F35 chimeric fiber, which express exogenous apoptosis inducing gene tumor necrosis factor-related apoptosis-inducing ligand (SG235-TRAIL), effectively kills leukemic cells and reduces the growth of leukemic xenografts [13, 14] . These results suggest that SG235-TRAIL virus might be envisaged for the treatment of leukemia.
The efficacy of CRAds can be improved by combination with chemotherapeutic agents. ONYX-015, a first E1B-55 kDa gene-deleted adenovirus, in combination with cisplatin or 5-fluorouracil has already been tested in phase II clinical trial for the patients of head and neck carcinoma. In gastrointestinal carcinoma metastatic to the liver and unresectable pancreatic carcinoma, enhanced antitumor activity of ONYX-015 has been observed when combined with leucovorin and www.nature.com/aps Meng HT et al Acta Pharmacologica Sinica npg 5-fluorouracil [15] [16] [17] . Homoharringtonine (HHT), a plant alkaloid, was first investigated in China and has been reported to be active in acute myelogenous leukemia (AML), chronic myelogenous leukemia (CML) and myelodysplastic syndrome (MDS) [18] [19] [20] [21] . However, early phase I and II clinical studies in the United States document a high incidence of cardiovascular complications with higher-dose continuous-infusion schedules [22] . Thus, in order to reduce drug dosage, minish cytotoxic effects on normal cells, and enhance therapeutic efficacy, novel approaches are required to achieve the successful application of HHT in leukemia therapy. The present study uses four representative human AML cell lines Kasumi-1, KG-1, HL-60, and U937. The objective of this study was to investigate whether HHT could act synergistically with a new oncolytic virus SG235-TRAIL in treating leukemia cells.
Materials and methods

Cell lines
Human AML cell lines Kasumi-1 and KG-1 were kindly provided by Prof SJ CHEN (Shanghai Jiaotong University, China) and Dr RZ XU (Zhejiang University, China), respectively. HL-60 and U937 cell lines were purchased from the American Type Culture Collection (Rockville, MD, USA). Cells were maintained in RPMI-1640 medium (Hyclone Laboratories, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Life Technologies, Inc, Grand Island, NY, USA) and 1% L-glutamine (Life Technologies, Inc) at 37 °C in 5% CO 2 humid atmosphere.
Human mesenchymal stem cells isolation and culture conditions Human mesenchymal stem cells (MSCs) and mononuclear cells (MNCs) were obtained from bone marrow samples from healthy donors after informed consent. Bone marrow mononuclear cells were isolated by Ficoll density gradient and cultured in DMEM medium (Gibco-BRL, Grand Island, NY, USA) containing 10% FBS. After 3 d, nonadherent cells were discarded and adherent cells were replenished with fresh medium twice a week. When the culture reached confluency, MSCs were detached and identified by flow cytometry using the following mAbs: CD29-FITC, CD90-FITC, CD44-PE (all from eBioscience Inc, San Diego, CA, USA), and CD166-PE (from R&D Systems, Minneapolis, MN, USA). MSCs were used for experiments between the 3rd and 4th passages.
Construction of recombinant adenoviral vectors
The construction of SG235-TRAIL has been described previously [13] . Plasmid pZD55-TRAIL was cotransfected with a serotype 35 adenovirus vector (pPE35) into 293 cells to generate the SG235-TRAIL by homologous recombination.
Cell cytotoxicity assay Cytotoxicity on leukemia cells was determined by lactate dehydrogenase (LDH) activity released from the cytosol of damaged cells using a LDH detection kit (Roche, Philadelphia, PA, USA). Briefly, leukemia cells were seeded into 96-well plates at 2.0×10 5 cells/well. After treating cells with HHT, SG235-TRAIL, or HHT combined with SG235-TRAIL at different dosages as indicated, the cytotoxicity at each dose was then measured in triplicate wells by the cytotoxicity detection kit following the manufacturer's instruction.
MTT assay
Cells were plated on 96-well plates at 1.0×10 4 per well, then treated with viruses and/or HHT at the indicated dosages for different times. PBS was used as a control. The cell viability was determined by MTT assay as previously described [13] .
Crystal violet assay MSC were grown to subconfluent and infected with SG235-TRAIL at various multiplicities of infection (MOI) combined with HHT. Three days after treatment, cells were exposed to 2% crystal violet (Sigma, St Louis, MO, USA) in 20% methanol for 15 min, then washed with distilled water (dH 2 O), and documented as photographs. The presence of staining indicates the presence of living cells.
Western blotting
Control and treated cells were lysed at the indicated times with a lysis buffer containing 1 mol/L Tris-HCl, pH 6.8, 2 mol/L NaCl, 0.1 mol/L EDTA, 0.05 mol/L EGTA, 0.5% NP-40 and 10 mmol/L PMSF. Protein concentration was determined using the Bradford method. Samples containing 50 μg of total cellular protein were subjected to standard Western blotting analysis after SDS-PAGE. Positive antibody reactions were visualized with a horseradish peroxidase-conjugated secondary antibody (Santa Cruz, Santa Cruz, CA, USA) and an enhanced chemiluminescence detection system according to the protocol of the manufacturer. Primary antibodies included antibodies against caspase-3, -8, and -9, poly (adenosine diphosphate-ribose) polymerase (PARP), Bcl-2, Bak, Bcl-xL, and Bid (from Cell Signaling Technology, Beverly, MA, USA). Anti-Mcl-1 antibody was provided by Biovision (Mountain View, CA, USA). Antibodies against E1A and TRAIL were purchased from BD PharMingen (SanDiego, CA, USA). Antiactin antibodies were purchased from Santa Cruz.
Flow cytometry analysis
Cells were treated with HHT, SG235-TRAIL alone, or HHT combined with SG235-TRAIL at the indicated concentrations, and then washed with cold PBS for twice followed by staining with Annexin V-FITC (BD Pharmingen). Cell suspension was analyzed on a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA).
To determine transduction efficiency of the virus, Kasumi-1 and HL-60 cells were infected with SG235-GFP at an MOI of 20 for 72 h, and then subjected to flow cytometric analysis.
Statistics
The combination index (CIN) analysis were based on the methods of Chou and colleagues [23, 24] . HHT and SG235-TRAIL virus-induced cytotoxic synergy was analyzed with the use of 
Results
Infection of SG235-TRAIL and expression of TRAIL in leukemia cells
We inserted TRAIL gene expressing cassette into SG235, a new replicative adenovirus that has both the E1B-55-kDa deletion and Ad5/F35 chimeric fiber ( Figure 1A ). Transduction efficiency of the adenovirus was evaluated by flow cytometric analysis. GFP-positive cells were 54.08% and 37.01%, respectively, in Kasumi-1 and HL-60 cells treated with SG235-GFP at an MOI of 20 for 72 h ( Figure 1B) . To verify the infectivity of SG235-TRAIL in leukemia cells and the expression of TRAIL, Kasumi-1 cells were treated with 8 ng/mL of HHT, 20 MOI of SG235-TRAIL, or HHT combined with SG235-TRAIL. Cells received no treatment served as a negative control. As determined by Western blotting (Figure 1C ), TRAIL and adenoviral E1A protein were detected in cells treated with SG235-TRAIL or HHT combined with SG235-TRAIL, but not in control or cells treated with HHT alone. Results indicated that SG235-TRAIL successfully infected Kasumi-1 cells and expressed TRAIL in these cells. Furthermore, the expression levels of TRAIL and E1A were not significantly different between the treatments of cells with SG235-TRAIL alone and HHT combined with SG235-TRAIL, suggesting that the infection of SG235-TRAIL and the expression of TRAIL in leukemia cells were not altered by HHT treatment.
Cytotoxicity of HHT combined with SG235-TRAIL on leukemia cells HHT (2−8 ng/mL) was combined with SG235-TRAIL (5−20 Figure 2A , treatment of cells with HHT combined with SG235-TRAIL resulted in a significantly lower cell viability than either HHT or SG235-TRAIL treatment, especially in cells treated with 8 ng/mL of HHT and/or 20 MOI of SG235-TRAIL, which were determined by LDH assays. Similar results were obtained using MTT assay (data not shown). As shown in Figure 2B , HHT plus SG235-TRAIL revealed synergic cytotoxicity (CIN<0) in three human AML cell lines (KG-1, HL-60, and U937). Whereas, the combination resulted in synergic cytotoxicity but only at relatively high concentrations (6 ng and 8 ng for HHT, and 15 MOI and 20 MOI for SG235-TRAIL) in Kasumi-1 cell line. The cytotoxicity of HHT combined with SG235-TRAIL was further evaluated through Annexin V staining followed by flow cytometry analysis. As shown in Figure 3A , 8 ng/mL of HHT combined with 20 MOI of SG235-TRAIL resulted in 78.08%, 81.90%, and 93.39% of Annexin V-positive cells in Kasumi-1, KG-1, and U937 cells, respectively, whereas HHT alone caused 12.68%, 10.28%, and 6.48% of Annexin V-positive cells, and SG235-TRAIL alone caused 39.99%, 30.32%, and 68.67% of Annexin V-positive cells, in Kasumi-1, KG-1, and U937, respectively. The data indicated that HHT significantly enhanced the cytotoxicity of SG235-TRAIL in leukemia cells.
HHT synergized the cytotoxicity of SG235-TRAIL in leukemia cells through affecting apoptotic signaling elements To further investigate the underlying mechanism of the synergistic effect of HHT combined with SG235-TRAIL, apoptotic signaling elements were analyzed by Western blotting. As shown in Figure 3B , treating Kasumi-1 cells with 8 ng/mL of HHT combined 20 MOI of SG235-TRAIL significantly increased levels of cleaved forms of caspase-9, -3, and PARP, as compared to treating cells with either HHT or SG235-TRAIL alone. The level of cleavage of caspase-8 was not significantly increased by HHT combined with SG235- These data suggest that the combination of HHT and SG235-TRAIL induced enhanced apoptosis in leukemia cells through affecting anti-apoptotic signaling elements such as Mcl-1, Bid, and Bcl-2.
Effect of HHT combined with SG235-TRAIL on normal human cells Next, we examined the effects of HHT combined with SG235-TRAIL on normal human MNCs and bone marrow MSCs. Results showed that treating cells with 8 ng of HHT or 20 MOI of SG235-TRAIL resulted in 3% and 5% of cell growth inhibition after 48 h, 11% and 14% growth inhibition after 72 h, respectively. Combination of HHT and SG235-TAIL resulted in 7% of cell growth inhibition after 48 h and 21% after 72 h Figure 5A ). The crystal violet staining showed that combination of HHT and SG235-TRAIL at the indicated dosage did not apparently affect the viability of MSCs ( Figure 5B ). Our results suggest that HHT combined with SG235-TRAIL had limited cytotoxicity to normal human MNCs and almost no cytotoxicity to normal human MSC.
Discussion
CRAd represents a novel strategy for cancer therapies. However, oncolytic virotherapy has not been effective in complete tumor eradication in both preclinical animal models and clinical trials [25] . Several clinical studies have shown that an enhanced and even synergistic antitumor activity can be achieved when oncolytic adenoviruses are used in combination with chemotherapy [15] [16] [17] or radiation therapy [26] , and suggested that the design of CRAd given in combination with cytotoxicitic chemotherapies will maximize the potential of oncolytic adenovirus and optimize patient benefit. We previously developed SG235, a new oncolytic adenovirus harboring an Ad5/F35 chimeric fiber and E1B-55-kDa deletion, and SG235-TRAIL, in which SG235 was armed with an antitumor gene, TRAIL [13] . We also demonstrated that both SG235 and SG235-TRAIL had significant antileukemia effects in vitro and in vivo [13, 14] . Interestingly, SG235-TRAIL elicited a superior antileukemia activity as compared with SG235 [13] . In addition to the typical oncolytic toxicities, SG235-TRAIL induced apoptosis in leukemia cells through activating caspase-3 and -9 [13] . In this work, we found that HHT synergized with SG235-TRAIL to inhibit proliferation of leukemia cells and induce apopotosis, suggesting that HHT could be used in combination with SG235-TRAIL in the treatment of leukemia patients.
One of the rationales for the combination therapy is that the therapies have different safety profiles and therefore result in enhanced efficacy without increased adverse effects. Second, there is no overlapping resistance between oncolytic viruses and the other therapies. And finally, it may be possible to lower treatment doses, which will decrease possible unwanted toxicity [27] . The potential toxicity of SG235-TRAIL toward normal human cells is unknown, although previous clinic trails have indicated that oncolytic adenoviruses are safe [28] . In this study, we observed that 14% normal human MNCs were killed with the treatment of SG235-TRAIL at 20 MOI for 72 h. However, normal MSCs were not affected by SG235-TRAIL, which is consistent with our previous results showing similar phenomena in normal human hematopoietic progenitor cells [13] . HHT is a plant alkaloid with antileukemic activity.
At high doses and with short infusion schedules, HHT has been associated with serious cardiovascular complications [22] .
However, a lower-dose schedule of HHT (2.5 mg/m 2 daily) has abrogated the occurrence of cardiovascular complications, which occurs in less than 5% of patients [29] . In this regard, we recently have demonstrated that HHT (4 mg daily) combined with cytarabine and aclarubicin result in high complete remission rate in patients with de novo AML. Only 2% patients have cardiovascular complications including tachycardia and palpitation [30] . Together, the data indicate that reducing dose of HHT utilized will significantly minish toxicity to normal cells and tissues. It has been reported that LD50 of HHT in mice is 6.7 mg/kg, and IC 50 of HHT on HL-60 cells is 20 ng/mL [31] . In this study, we found that HHT at lower concentration (up to 8 ng) could significantly synergize with SG235-TRAIL for killing leukemia cells. The inhibition to MNCs by the combination was 21%, but there was no toxicity toward normal MSCs. Together, these data suggest that SG235-TRAIL and HHT combination therapy may be safe, although this awaits confirmation in in vivo model systems. The mechanism of this combination therapy remains elusive. HHT induces apoptosis in myeloid leukemia cells through affecting caspase-3 and Bax, a pro-apoptotic factor [18] [19] [20] [21] . Overexpression of two antiapoptotic proteins Bcl-2 and Bcl-x L is commonly observed in many cancer types including leukemia, which is associated with chemotherapy resistance [32] [33] [34] . In addition, Bcl-2 family proteins are critical for the determination of sensitivity to TRAIL [35, 36] . In mouse xenograft models, TRAIL exhibits potent antitumor activity and often synergizes with chemotherapy [37, 38] . In this study, we observed that HHT induced down-regulation of Bcl-x L protein. Interestingly, the combination of HHT with SG235-TRAIL resulted in significant lower levels of Bcl-2, Mcl-1, and Bid, which were not apparently affected by treating cells with either 8 ng of HHT or 20 MOI of SG235-TRAIL alone. This might explain why HHT could synergize with SG235-TRAIL in the induction of leukemia cell death.
In summary, we have demonstrated for the first time that HHT could synergize with an oncolytic adenovirus SG235-TRAIL to kill leukemia cells, without significant damage to normal human mononuclear cells and bone marrow mesenchymal stem cells. These data suggest that the combination therapy with HHT and oncolytic adenovirus could represent a rational approach for the treatment of leukemia.
